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Edited by Robert BaroukiAbstract V79 ﬁbroblasts were repetitively stressed through
multiple exposures to a low dose (30 lM) H2O2 in culture for
4 weeks. Catalase activity, protein levels and mRNA levels in-
creased markedly (5–6-fold) during this time and these augmen-
tations were inhibited by the simultaneous presence of
SB203580, an inhibitor of p38 mitogen-activated protein kinase
(p38MAPK). p38MAPK became dually phosphorylated and
ATF-2, a p38MAPK substrate also became increasingly phos-
phorylated over the repetitive stress period. Short interfering
RNA that induced eﬀective silencing of p38MAPK, was used
to silence p38MAPK in V79 ﬁbroblasts. Silencing of p38MAPK
drastically hindered the elevation in catalase (protein and
mRNA) levels observed after a single low dose (50 lM) of
H2O2. The rise in catalase mRNA levels induced by low concen-
tration (single and multiple dose) H2O2 treatment was estab-
lished to be unconnected with transcriptional upregulation but
was brought forth primarily by an enhancement in catalase
mRNA stability through the action of p38MAPK. Therefore,
our data strongly indicate that activation of p38MAPK is a
key controlling step in the upregulation of catalase levels by
low dose H2O2 treatment.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Catalase is responsible for degradation of H2O2 encountered
from exogenous sources or produced intracellularly as a result
of celular metabolism. The two enzymes, glutathione peroxi-
dase (GpX) and catalase are the two principal scavengers of
H2O2. Exposure to oxidative stress results in the upregulation
of the enzymatic activity of the antioxidant enzymes such as
GpX, catalase and the superoxide scavenger superoxide dismu-
tase (SOD). Increased activity, enhanced protein and higher
mRNA levels have been reported for the enzyme catalase in
cells subjected to oxidative stress [1,2]. It is well-known that
pre-exposure to stress upregulates cellular anti-oxidant defense
mechanisms resulting in adaptation to stress [1–4]. In our ear-
lier study [4], we have observed that pre-exposure to repetitive*Corresponding author. Fax: +91 33 23374637.
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doi:10.1016/j.febslet.2005.06.081low-grade oxidative stress results in the upregulation of cata-
lase levels and increased resistance to apoptosis induction by
subsequent acute stress. However, upstream signaling events,
which control the upregulation of catalase, remain largely un-
known. Catalase gene expression in mouse skeletal muscle has
been found to be transcriptionally regulated [5,6]. In mouse
muscle cells, NFjB and AP-1 have been found to be associated
with catalase gene expression [6]. Other studies have described
the importance of CCAAT binding factors to have inﬂuence
on the transcriptional regulation of the catalase gene in mouse
muscle and H2O2-adapted human leukemia HL60 cells [5,7]. In
contrast, in the hyperoxia-exposed rat lung, enhanced expres-
sion of catalase is ascertained to be due to an increase in cat-
alase mRNA stability [8]. Similarly, nerve growth factor
induced an augmentation in catalase levels of PC 12 Pheochro-
mocytoma cells by boosting catalase mRNA stability [9]. The
control mechanisms upstream of the transcription of mamma-
lian catalase gene are not well understood at this point of time.
Here, we try to unravel the key step controlling the enhanced
expression of catalase gene by low-grade oxidative stress and
link for the ﬁrst time the upregulation of an anti-oxidant de-
fense enzyme with the activation of p38MAPK.2. Materials and methods
2.1. Schedule of exposure to repetitive stress
For development of repetitive oxidative stress, V79 ﬁbroblasts were
exposed to 30 lM H2O2 at 37 C for 30 min in culture 4 days a week
for a period of 4 weeks. The p38MAPK inhibitor SB-203580 (5 lM) or
the NFjB inhibitor SN-50 (Calbiochem) was added in the culture med-
ium of both inhibitor control cells (cells receiving no H2O2) and repeti-
tively stressed which received H2O2 for 4 weeks. Untreated controls
were subcultured normally and received no other treatment for 4 weeks.
Catalase levels were measured spectrophotometrically in cell lysates
by observing changes in the absorbance of hydrogen peroxide at
240 nm.
2.2. Western blot analysis
Cells were harvested from the plates and lysed by rapid freeze and
thaw and were homogenized on ice. After precipitating cell debris
and nuclei at 4 C, the protein concentration of supernatant was deter-
mined by Bradford method. 40 lg of total protein was separated on
10% SDS–PAGE and was transferred to PVDF membrane. Blots were
blocked for 2 h at room temp with 5% BSA and incubated at 4 C
overnight with respective primary antibody. Anti-catalase and anti-ac-
tin antibodies were bought from Sigma. Anti-p38MAPK and anti-du-
ally phosphorylated p38MAPK were bought from Cell Signaling
Technology. After three washes, the membrane was incubated with
1:5000 dilution of the appropriate peroxidase-conjugated secondary
antibodies for 1 h at room temperature. After additional washing, theyblished by Elsevier B.V. All rights reserved.
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a UMAX Astra Scanner and the bands were quantiﬁed by using Scion
Image Beta 4.02 software from Scion Corporation, USA.
2.3. Reverse transcriptase polymerase chain reaction
Total RNA (2.5 lg) was reverse transcribed with oligo dT primer
using 0.2 mM of dNTP mix, 25 U of RNase inhibitor, 100 U of Molo-
ney murine leukemia virus reverse transcriptase.
For PCR ll of cDNA from the RT reaction mixture was taken to
amplify in a 25 ll reaction volume containing 10 pmol of each primer,
200 lM of each dNTP, in buﬀer containing 1.5 mMMgCl2 and 5 U of
taq polymerase. A 10 ll portion of PCR product was electrophoresed
in a 1.0% agarose gel. The ethidium bromide stained gel were photo-
graphed with Chemidoc (Biorad). b-Actin was used as internal
standard for all reverse transcriptase polymerase chain reactions
(RT-PCRs). The following primers were used for catalase PCR –
FWD-5 0 AGA CTC ACC TGA AGG ATC CTG-3 0; REV-50 GAC
AGT TCA CAG GTA TCT GCA-3 0.
2.4. Short interfering RNA transfection
50% conﬂuent cells are treated with si RNA of p38MAPK
(p38MAPK short-cut short interfering RNA (siRNA) mix-New Eng-
land Biolabs), which is 22 nucleotide long, by the procedure mentioned
in the New England Biolab protocol for the kit. Cells were treated with
50 lM H2O2 after 36 h of transfection and cells were harvested after
9 h of H2O2 treatment. With these cells Phospho-p38MAPK,
p38MAPK, catalase, and actin protein levels were examined by wes-
tern blotting and mRNA levels of catalase and actin were tested by
RT-PCR as mentioned earlier.
Polylinker RNA (supplied as control by New England Biolabs) was
transfected into V79 cells and poly linker-transfected V79 cells served
as the negative control for siRNA experiments.
2.5. mRNA stability
Cells (repetitively stressed for 4 weeks, repetitively stressed and
SB203580 treated for 4 weeks, and cultured without additional treat-
ment for 4 weeks) were incubated with 5 lg/ml actinomycin D and har-
vested at every 1 h interval till 4 h. For repetitively stressed cells,
harvesting of cells was also performed at 8, 16 and 24 h of incubation.
RNA was isolated from diﬀerently treated cells at each time point and
RT-PCRs were performed as mentioned earlier with catalase and b ac-
tin primers. PCR products were identiﬁed by running in 1% agarose
gel. Band intensities were calculated by Scan Image program.Fig. 1. Catalase activity, protein and mRNA levels in V79 ﬁbroblasts
after 4 weeks of repetitive stress. (A) catalase activity during the 4 week
experimental period. The numbers on the X-axis label denote the time
in weeks after the initiation of the 4 week experiment. Y-axis indicates
catalase activity as D absorbance/min/mg protein. Data is presented as
mean ± S.D. of 3–5 experiments. Details of the enzyme activity
measurement are given in Section 2. (B) Catalase protein levels during
the 4 week experimental period. The numbers on the top of the western
blot panels, and bottom of the lowest panel denote the time after the
initiation of the 4 week experimental period. The uppermost panel
shows catalase levels. The middle panel shows actin levels indicating
equal protein loading. The lower most panel shows the relative band
density (mean ± S.D.) of catalase protein from three experiments. 0 –
before initiation of the 4 week experimental period; 1,2,3,3.5,4 – week/
weeks exposure to repetitive stress; 4SB – simultaneous exposure to
repetitive stress and SB203580 for 4 weeks; 4C – 4 week untreated
control; 4CSB – 4 week inhibitor control exposed only to SB203580;
4CNI – 4 week inhibitor control exposed only to NFjB inhibitor. (C)
Catalase mRNA levels after the 4 week experimental period. The top
panel shows catalase mRNA. The middle panel shows actin mRNA
indicating equal loading. The bottom panel shows relative band
density (mean ± S.D.) of catalase mRNA from three experiments. 0 –
before initiation of exposure; 4 – after 4 week of exposure to repetitive
stress; 4SB – simultaneous exposure to repetitive stress and SB203580;
4C – 4 week untreated control; 4CSB – 4 week inhibitor control
exposed only to SB203580; 4CNI – 4 week inhibitor control exposed
only to NFjB inhibitor. Details of the experimental procedures are
described in Section 2.
c2.6. Single exposure of V79 cells to low dose H2O2
Single low dose H2O2 exposures were given with 50 lM H2O2 alone
or in conjunction with 5 lg/ml actinomycin D or 5 lM SB203580. All
these cells were harvested after 9 h of treatment. RNA was isolated and
RT PCR was performed as mentioned earlier with catalase and b actin
primers. PCR products were identiﬁed by running in 1% agarose gel.
Cells were also harvested for western blotting as mentioned earlier.
2.7. Statistical analysis
Students t test was used to calculate statistical signiﬁcance of the
data.
Fig. 2. p38MAPK activation in V79 ﬁbroblasts after 4 weeks of
repetitive stress. The numbers on the top of the western blot panels
denote the time in weeks after the initiation of the experiment. The top
panel shows a western blot depicting dual phosphorylation of
p38MAPK. The second panel from top shows p38MAPK levels
indicating equal protein loading. The third panel from top represents
relative band density (mean ± S.D.) of dually phosphorylated
p38MAPK from three experiments. The numbers on the bottom of
this panel denote the time in weeks after the initiation of the
experiment. The bottom panel depicts ATF-2 phosphorylation during
the 4 week repetitive stress period. This blot is representative of three
experiments. 0 – before initiation of the 4 week experimental period;
1,2,2.5,3,3.5,4 – week/weeks after exposure to repetitive stress; 4SB –
simultaneous exposure to repetitive stress and SB203580 for 4 weeks;
4C – 4 week untreated control; 4CSB – 4 week inhibitor control
exposed only to SB203580; 4CNI – 4 week inhibitor control exposed
only to NFjB inhibitor. Details of the experimental procedures are
described in Section 2.
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3.1. Eﬀect of repetitive low-grade H2O2 stress on catalase
activity, catalase protein and catalase mRNA levels
Figs. 1A and B depict the rise in catalase activity and protein
levels, respectively. The catalase activity rose very rapidly dur-
ing the 4 week repetitive stress period. The rise in catalase
activity was detectable as early as within the ﬁrst week of treat-
ment. In contrast, catalase activity remained unaltered
(P > 0.05) from starting levels (0) in cells maintained in normal
culture in the absence of H2O2 treatment (4C) (Fig. 1A). Cat-
alase protein levels became elevated during the 4 week repeti-
tive stress period. The increase in catalase protein levels was
detectable soon after the initiation of the exposures. At the
end of the 4 week H2O2 exposure period, the rise (P < 0.01)
in catalase activity was about 6-fold of the control (both initial
and 4 week culture) values and the increase in catalase protein
levels were about 5-fold (P < 0.01) over control (both initial
and 4 week culture) values. The exposure of the cells to the
p38MAPK inhibitor SB203580 simultaneously with repetitive
stress abolished the rise in catalase activity (P < 0.01) and cat-
alase protein level (P < 0.01)(Figs. 1A and B). However, simi-
lar exposure to the cell permeable NFjB inhibitor during the
repetitive stress period failed to alter (P > 0.05) the rise in cat-
alase activity (Fig. 1A) or protein levels of catalase (data not
shown). Fig. 1C shows that catalase mRNA levels markedly
rose (P < 0.01) during the 4 week repetitive H2O2 exposures
(5-fold increase). The presence of SB203580 during the 4 week
stress period completely inhibited (P < 0.01) the elevation in
catalase mRNA levels.
No variations were observed (P > 0.05) in catalase protein
and mRNA levels between controls taken immediately
before the 4 week experimental period (0) and controls ta-
ken after the 4 week experimental period (4C). Exposure
of cells to either SB203580 only (4CSB) or NFjB inhibitor
(4CNI) only during the 4 week experimental period in the
absence of H2O2, failed to change (P > 0.05) catalase
activity, protein and mRNA levels when compared to un-
treated controls taken before or after 4 weeks of culture
(Figs. 1A–C).3.2. p38MAPK activation during the repetitive low-grade H2O2
stress period
P38MAPK became dually phosphorylated by repetitive
stress within the ﬁrst week of treatment (P < 0.05) (Fig. 2).
The dual phosphorylation was drastically inhibited (P < 0.01)
by the exposure of the cells to SB203580 during the repetitive
stress period. The p38MAPK phosphorylation status did not
vary in control cells during the 4 week culture period. No dif-
ference (P > 0.05) was observed (Fig. 2) between untreated
controls taken before (0) or after 4 weeks of culture (4C).
As was observed for catalase levels, exposure of cells to
either SB203580 only (4CSB) or NFjB inhibitor only (4CNI)
during the 4 week experimental period in the absence of
H2O2, was ineﬀective in changing p38MAPK phosphorylation
(P > 0.05) from that found in untreated controls taken before
(0) or after 4 weeks of culture (4C).
ATF-2, a well-known substrate of p38MAPK [10] became
increasingly phosphorylated during the 4 week stress period
and phosphorylation of ATF-2 was greatly blocked by simul-
taneous exposure to SB203580 (lowest panel Fig. 2).3.3. Eﬀect of single exposure to low dose H2O2 on p38MAPK
phosphorylation, catalase mRNA and protein levels
To ascertain whether transcriptional upregulation was in-
volved in the increase in catalase mRNA levels by low dose
H2O2, we treated control V79 cells with a low dose (50 lM) of
H2O2 and observed the initial increase in catalase mRNA levels
after a 9 h period The augmentation in mRNA levels were mea-
sured in cells treated with H2O2 in the presence or absence of
actinomycin D. There was a prominent increase (P < 0.01) in
catalase mRNA (about 2-fold) after single dose H2O2 exposure
(Fig. 3, lowest panel). This enhancement was completely unhin-
dered by the presence of actinomycinD.However, similar expo-
sure to actinomycin D of control V79 cells led to an absence of
detectable catalasemRNA in these cells (data not shown). Expo-
sure to a single low dose of hydrogen peroxide (50 lM) of V79
cells after silencing of p38MAPK by siRNA treatment, resulted
in a lack of augmentation of catalase protein and mRNA levels.
Silencing of p38MAPK led to very strong declines in p38MAPK
protein levels (85 ± 10% decrease) in V79 cells and complete ab-
sence of p38MAPK phosphorylation was noted after treatment
of these cells with a single (50 lM) dose of H2O2. Similarly,
SB203580 exposure also inhibited (P < 0.01; >90%) the augmen-
tation of catalase mRNA (Fig. 3) and protein (data not shown)
by single dose H2O2 exposure. Control polylinker RNA treat-
ment produced no change in p38MAPK protein level as com-
pared to untreated control cells. Polylinker control V79 cells
showed prominent increases in p38MAPK phosphorylation
Fig. 3. p38MAPK and catalase levels in V79 ﬁbroblasts after
treatment with a single exposure to 50 lM of H2O2. The four upper
panels depict protein levels of p38MAPK, phosphop38MAPK
(PP38MAPK), catalase and actin. 1 – polylinker control V79 cells
treated with one low dose (50 lM) of H2O2; 2 – siRNA(silencing
p38MAPK)-treated V79 ﬁbroblasts after one low dose (50 lM) of
H2O2; 3 – siRNA (silencing p38MAPK)-treated V79 ﬁbroblasts. The
lowest panel shows catalase mRNA levels in V79 ﬁbroblasts. 1 –
untreated control V79 ﬁbroblasts; 2 – V79 ﬁbroblasts after one low
dose (50 lM) of H2O2; 3 – V79 ﬁbroblasts treated with actinomycin D
(5 lg/ml) and one low dose (50 lM) of H2O2; 4 – polylinker control
V79 ﬁbroblasts treated with one low dose (50 lM) of H2O2; 5 – V79
ﬁbroblasts treated with SB203580(5 lM) and one low dose (50 lM) of
H2O2; 6 – siRNA (silencing p38MAPK)-treatedV79 ﬁbroblasts treated
with one low dose (50 lM) of H2O2; catalase/actin ratio data are
presented as mean ± S.D. Details of the experimental procedures are
described in Section 2.
Fig. 4. Catalase mRNA stability in V79 ﬁbroblasts after 4 weeks of
repetitive stress. The uppermost panel depicts degradation of catalase
mRNA for 4 h in the presence of actinomycin D (5 lg/ml) from V79
ﬁbroblasts treated with 4 weeks of repetitive: stress simultaneously
with SB203580 (5 lM). The second panel from the top depicts
degradation of catalase mRNA for 4 h in the presence of actinomycin
D (5 lg/ml) from V79 ﬁbroblasts treated with 4 weeks of repetitive
stress. The third panel from the top depicts degradation of catalase
mRNA for 4 h in the presence of actinomycin D (5 lg/ml) from
(4 week) untreated control V79 ﬁbroblasts. The lowest panel depicts
degradation of catalase mRNA for 24 h in the presence of actinomycin
D (5 lg/ml) from V79 ﬁbroblasts treated with 4 weeks of repetitive
stress, catalase/actin ratio data are presented as mean ± S.D. Details of
the experimental procedures are described in Section 2.
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and mRNA levels (2.4 ± 0.5-fold) by single dose H2O2 exposure
(Fig. 3).
3.4. Catalase mRNA stability in repetitive H2O2 stress
Experiments were performed to determine whether a rise in
catalase mRNA stability was responsible for the prominent
enhancement of catalase mRNA levels in repetitive stress.
No diﬀerences were observed in mRNA stability between
controls taken at the start and after 4 weeks of experiment
(data not shown). mRNA degradation (P < 0.01) was promi-
nent in control V79 cells after incubation with actinomycin
D for 4 h. In fact, >70% of catalase mRNA in 4 week control
V79 cells was found to have degraded at 4 h (Fig. 4). In con-
trast, no change (P > 0.05) was observed in catalase mRNA
levels of 4 week repetitively stressed cells after 4 h incubation
with actinomycin D. Exposure to SB203580 during the 4 week
repetitive stress period reversed the increased stability
(P < 0.01) of the catalase mRNA and incubation of 4 h in
the presence of actinomycin D degraded >80% of the catalase
mRNA. When the repetitively stressed cells were incubatedfurther in the presence of actinomycin D, a fall in catalase
mRNA was observed at 16 h and a further decline at 24 h.
The half-life of catalase mRNA in control V79 cells was calcu-
lated to be 3.25 ± 0.5 h and in repetitively stressed cells the cat-
alase mRNA half-life was extended to 20 ± 3 h (about 6-fold
increase over control). The presence of SB203580 during the
repetitive stress period drastically decreased the half-life of cat-
alase mRNA to 3 ± 0.45 h.4. Discussion
Catalase is an enzyme for the cellular defense against oxida-
tive stress and is responsible along with Glutathione peroxi-
dase for the removal of hydrogen peroxide. It is now known
that enzymes responsible for cellular antioxidant defense are
upregulated by pre-exposure to oxidative stress. Studies have
described adaptive up-regulation of activities of catalase,
GpX, and SOD after exposure to stress [1–4]. In fact, elevation
of protein and mRNA levels of these enzymes have been de-
scribed as adaptive response to oxidative stress[1–4]. We have
earlier reported [4] an enhancement in catalase activity and
protein levels in cells subjected to repetitive oxidative stress
in culture. However, the upstream signaling elements, which
control the augmented expression of anti-oxidant enzymes
have not been unraveled. In fact, this is the ﬁrst report linking
4406 P. Sen et al. / FEBS Letters 579 (2005) 4402–4406a member of the MAPK family to the increased expression of
an anti-oxidant defense enzyme.
The better-known members of the mitogen-activated protein
kinase (MAPK) family are the p42/44 MAPK (also known as
external signal regulated kinase – ERK), p38MAPK and Jun
terminal kinase (JNK). ERKs are mostly involved in the regu-
lation of growth and proliferation are activated by mitogenic
stimuli. JNK and p38MAPK are usually activated by diﬀerent
stresses [11]. In our study, we ascertained that p38MAPK is
dually phosphorylated by a single dose of H2O2 and also very
early (within the ﬁrst week) in the repetitive stress period. Inhi-
bition of p38MAPK by the exposure to SB203580, a speciﬁc
p38MAPK inhibitor blocked the dual phosphorylation of
p38MAPK during the repetitive stress and also after single
dose of H2O2. Similarly, SB203580 treatment almost com-
pletely blocked the increase in catalase mRNA levels, protein
levels and activity levels brought about by single or multiple
exposures to H2O2. Furthermore, catalase upregulation
(mRNA and protein) by low-dose single exposure to hydrogen
peroxide was completely blocked by short interfering RNAs
(siRNA) silencing p38MAPK expression. Therefore, a strong
indication towards the involvement of p38MAPK in the up-
surge in catalase levels in V79 lung ﬁbroblasts is perceived.
The increase in catalase mRNA levels were further investigated
to determine whether the enhancement was due to augmented
mRNA stability. We established that after 4 weeks of repetitive
stress, catalase mRNA stability was markedly enhanced as
shown by the extension in catalase mRNA half-life from
3.25 h in control V79 cells to 20 h in cells repetitively stressed.
Exposure to SB203580 resulted in complete abolition of the in-
creased mRNA stability in repetitively stressed cells. Also in
our study, the initial increase in catalase mRNA after a single
low dose of hydrogen peroxide was completely unimpeded by
the presence of the transcriptional inhibitor actinomycin D but
was particularly vulnerable to the presence of p38MAPK
inhibitor. Therefore, it is most likely that upregulation of cat-
alase expression by low dose H2O2 is controlled by regulatory
mechanisms acting on catalase mRNA stability through acti-
vated p38MAPK. Activation of p38MAPK has been associ-
ated with enhanced mRNA stability of a number of stress-
related genes [12,13]. Catalase upregulation by exposure to
oxidative stress in rat lung has been demonstrated not to be
controlled through transcriptional regulation. Instead, indica-
tions of post-transcriptional regulations such as enhanced
mRNA stability have been recognized by these earlier investi-
gators [8]. A protein from rat lung has been shown to bind to
catalase mRNA and the protein–RNA complex is sensitive to
oxidative stress [14]. A 240 base sequence has been identiﬁed in
the 3 0 untranslated region (UTR) of the catalase mRNA from
rat lung which binds to lung proteins in a redox sensitive man-
ner [15] and this redox-sensitive binding of protein to catalase
mRNA has been suggested to play an important role in cata-
lase gene expression. Alternatively, NFjB has been associated
with the transcriptional regulation of catalase in mouse muscle
[6]. In our study, we did not perceive a role for NFjB as the
exposure to the cell permeable NFjB inhibitor failed to inﬂu-
ence the rise in catalase activity after 4 week of repetitive stress.Thus, low dose H2O2 exposures (single or multiple) elevated
catalase expression through mechanisms other than transcrip-
tional upregulation, namely an augmentation of catalase
mRNA stability. Moreover, this is the ﬁrst documentation of
the involvement of p38MAPK with enhanced mRNA stability
of an anti-oxidant defense enzyme.
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